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An arginine residue in the outer segment of hASICla
TM1 affects both proton affinity and

channel desensitization

Zhuyuan Chen?, Georg Kuenze>>>, Jens Meiler>*#>, and Cecilia M. Canessat*®

Acid-sensing ion channels (ASICs) respond to changes in pH in the central and peripheral nervous systems and participate in
synaptic plasticity and pain perception. Understanding the proton-mediated gating mechanism remains elusive despite the of
their structures in various conformational states. We report here that R64, an arginine located in the outer segment of the
first transmembrane domain of all three isoforms of mammalian ASICs, markedly impacts the apparent proton affinity of
activation and the degree of desensitization from the open and preopen states. Rosetta calculations of free energy changes
predict that substitutions of R64 in hASICla by aromatic residues destabilize the closed conformation while stabilizing the
open conformation. Accordingly, F64 enhances the efficacy of proton-mediated gating of hASICla, which increases the
apparent pHs, and facilitates channel opening when only one or two subunits are activated. F64 also lengthens the duration of
opening events, thus keeping channels open for extended periods of time and diminishing low pH-induced desensitization.
Our results indicate that activation of a proton sensor(s) with pHs, equal to or greater than pH 7.2-7.1 opens F64hASICla,
whereas it induces steady-state desensitization in wildtype channels due to the high energy of activation imposed by R64,
which prevents opening of the pore. Together, these findings suggest that activation of a high-affinity proton-sensor(s) and a
common gating mechanism may mediate the processes of activation and steady-state desensitization of hASICla.

Introduction

Acid-sensing ion channels (ASICs) are proton-activated cation
channels expressed broadly in neurons of the central and pe-
ripheral nervous systems. They contribute to important physi-
ological processes such as nociception (Deval and Lingueglia,
2015; Bohlen et al., 2011), modulation of synaptic signaling
(Wemmie et al., 2002; Kreple et al., 2014; Gonzélez-Inchauspe
et al,, 2017), generation of fear (Du et al., 2017; Taugher et al.,
2017), and addiction-related behaviors (Kreple, et al., 2014).
ASICla is the most abundant and broadly expressed isoform in
the brain; inactivation by knock-out of the gene in mouse brain
eliminates transient proton-induced currents in neurons (Wemmie
et al., 2002).

ASICs are made of three identical or homologous pore-
forming subunits; each subunit has a large extracellular
domain (ECD) folded in a structure resembling a hand with
subdomains referred as palm, thumb, finger, and knuckle. The
ECD is connected to two transmembrane helices, TM1 and TM2,
and short intracellular N and C termini. TM2 and a reentrant
loop formed by the N terminus (Yoder and Gouaux, 2020) make

most of the ion conduction pathway in the cytoplasmic side of
the pore. The interface between the thumb and the finger
subdomains contains a cluster of negatively charged residues
called the “acidic pocket.” Crystal and cryo-EM structures of
chicken ASIC in various conformational states have demon-
strated that displacement of the thumb with collapse of the
acidic pocket are part of the gating mechanism initiated by
protons (Jasti et al., 2007; Baconguis et al., 2014; Yoder et al.,
2018). Functional studies using various experimental ap-
proaches have also documented movement of the thumb during
gating (Paukert et al., 2008; Ramaswamy et al., 2013; Krauson
and Carattino, 2016; Vullo et al., 2017). However, the roles of
the negatively charged residues in the acidic pocket driving
gating and in particular collapse of the acidic pocket have re-
mained inconclusive. Reports of the consequences of neutral-
izing negatively charged residues in the pocket range from
elimination of currents (Ramaswamy et al., 2013), to shifts of
the apparent pHs, of activation (pHse,) to more acidic values
(Jasti et al., 2007; Li et al., 2009; Vullo et al., 2017; Yoder and
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Gouaux, 2018), to no effect (Krauson and Carattino, 2016).
Together, these results have raised the possibility that con-
traction of the pocket is not caused directly by protons binding
to residues in the acidic pocket, but rather it may represent an
allosteric conformational change initiated when protons bind
elsewhere in the ECD (Rook et al., 2020a), though the nature
and location of those residues have not been yet determined.

Another feature of hASICla is complete desensitization from
the open and preopen states. Desensitization from the open state
manifests as decay of currents to the zero level in the continued
presence of protons, whereas from the preopen state, also re-
ferred as steady-state desensitization (SSD), channels desensi-
tize before opening. SSD occurs at proton concentrations much
lower than those required for open state desensitization. De-
sensitization shapes the time course of the currents and is
functionally important to protect neurons from excessive de-
polarization when exposed to prolonged acidic conditions
(Sherwood and Askwith, 2009; Chassagnon et al., 2017).

The mechanism of desensitization of ASICla is also not fully
understood yet. Mutations in various domains of the channel
accelerate desensitization, but in almost all instances the un-
derlying mechanism has not been elucidated. Early reports,
before any structural information of ASICs was available,
showed that the B1-B2 (Li et al., 2010a) and B11-P12 (Li et al.,
2010b) linkers alter the rate of desensitization, pointing to a
possible role in the desensitization mechanism. Subsequently,
it was observed that the structure of the Pl11-B12 linker in
resting (PDB accession nos. 5SWKV, 6AVE) and open (4NTW)
conformations was different from those in high and low pH
desensitized states (31J4, 2QTS, 6VTK). Specifically, in the
desensitized states, there is a change in the shape of the f11-p12
linker, and the residues L414 and N415 undergo a 180° rotation,
reorientating the side chain of L414 toward the central vesti-
bule. This conformational difference led to the proposal that
reorganization of the P11-B12 linker enables desensitization
upon exposure to protons: it serves as a molecular clutch that
disengages the upper from the lower half of the ECD (Yoder
et al., 2018; Fig. S1). The functional significance of the linker
isomerization has been recently confirmed (Wu et al., 2019;
Rook et al., 2020b), though it remains to be determined what
the trigger of the isomerization is.

In this study, we take advantage of ASIC channels with high
amino acid sequence identity but markedly different functional
properties, lamprey and human ASICla, to identify elements in
the channel protein that are important in determining the ap-
parent pHso, and the gating steps that lead to opening and de-
sensitization. We present evidence that residue R64 in the outer
segment of TMI plays crucial roles in both of these processes.

Materials and methods

Homology modeling of hASICla and LASIC

Structural models of hASICla (residues L41-E456; Uniprot ac-
cession no. P78348) and 1ASIC (residues V43-E459; Uniprot ac-
cession no. QIXA79) in closed, desensitized, and open states
were developed by homology modeling using the protein
structure prediction software Rosetta (version 3.11; Leman et al.,

Chen et al.
Arginine 64 sets stability of open and closed states in ASIC

JGP

2020). The crystal structure of chicken ASIC1 (cASICI; Uniprot
accession no. QIXA76) determined at high pH (PDB accession no.
5WKYV; Yoder et al., 2018) served as the template for the closed
state model. The structures of cASICl determined at low pH
(PDB accession no. 4NYK; Gonzales et al., 2009) or in complex
with the MitTx snake toxin at pH 5.5 (PDB accession no. 4NTW;
Baconguis et al., 2014) were used for modeling the desensitized
or open state structure, respectively. Prior to homology model-
ing, missing loop residues in the open state structure of cASIC1
(D297, S298) were added with RosettaRemodel (Huang et al.,
2011) guided by PSIPRED (Jones, 1999) secondary structure
prediction. Furthermore, the N and C termini of the cASIC1 open
state structure as well as the C terminus of the desensitized state
structure were extended by three additional residues in order to
match the length of the closed state structure. Afterward,
hASICla and 1ASIC models were built by threading their amino
acid sequences through the structures of cASICl guided by
pairwise amino acid sequence alignments created with Clustalw
(Larkin et al., 2007). The following amino acids were changed in
the 1ASIC model to reflect the changes that were made experi-
mentally to the 1ASIC sequence in order to evoke large proton-
mediated currents: C75H, Q79L, T87L, N347D, and M351D (Li
et al,, 2010c). hASICla and 1ASIC models were refined by min-
imization in Cartesian space with the RosettaMembrane energy
function (Barth et al., 2007) while applying weak harmonic re-
straints to the positions of all backbone heavy atoms. C3 sym-
metry of the trimeric ASIC structure was enforced by means of
symmetry definition files as described in DiMaio et al. (2011).
Amino acid side chain positions were refined by a simulated
annealing search algorithm, referred to as rotamer packing in
Rosetta. Model quality was additionally checked by MolProbity
(Davis et al., 2007) analysis, and the hASICla and 1ASIC models
with best MolProbity and Rosetta scores were considered the
final models.

Protein stability prediction for hASICla and LASIC mutants

Free energy changes of hASICla or IASIC structures owing to
amino acid mutations at R64 or W66, respectively, were calcu-
lated with the Rosetta Flex ddG protocol (Barlow et al., 2018) and
the RosettaMembrane all-atom energy function (Barth et al.,
2007). RosettaMembrane employs an implicit membrane bila-
yer model, consisting of a hydrophobic core region of 18-A
thickness and transition regions of 6 A on either side, and uses
an implicit atomic solvation potential based on the model de-
veloped by (Lazaridis and Karplus, 2000, 2002). In short, the
Flex ddG protocol models mutation-induced conformational and
energetic changes by a series of “backrub” moves (15,000 steps
in this study) of the protein backbone coupled to side chain
repacking in an 8-A shell around the mutation site, followed by
minimization of all protein backbone and side chain degrees of
freedom. This sampling method aims at improving the predic-
tion for mutations with a large change in amino acid side chain
volume. Afterward, structures were minimized in Cartesian
space until convergence was reached and the change of the
Rosetta score between subsequent iterations was <1.0 REU
(Rosetta energy unit). To avoid large deviations from the input
structure, Co-atom pair distance restraints with a harmonic
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penalty function were applied during minimization. A mutation
was modeled in each of the three ASIC subunits simultaneously by
enforcing C3 symmetry by means of Rosetta symmetry definition
files. 50 separate Flex ddG trajectories were performed for each
mutant and the WT, and the Rosetta energy change (AAG) was
calculated as average score difference between the three top-
scoring mutant and WT structures. Stability calculations were
repeated at least 10 times for each hASICla and 1ASIC mutant, and
the mean AAG (+ SEM) was used for making stability predictions.

cDNA constructs and mutagenesis

Plasmid pcDNA3.1(-) containing hASICla-HA, 1ASIC-Flag,
mouse ASIC2a-HA, and mouse ASIC3-HA served as templates
for introducing point mutations using QuickChange according to
manufacturer instructions. Chimeras were made using PCR and
cDNAs of human ASICla and lamprey ASICs. Nucleotides of all
constructs were verified by DNA sequencing.

Synthesis of complementary RNAs (cRNAs) and injection of
Xenopus laevis oocytes

pcDNA3.1 plasmids containing ASIC cDNAs were linearized
with HindIII followed by in vitro synthesis of RNA using
mMESSAGEmMACHINE T7 according to the manufacturer’s
instructions. Concentration of RNA was adjusted to 300 ng/ul
using Nanodrop. 5 ng cRNA solution were injected per oocyte fol-
lowed by incubation at 18°C for 24-36 h before experiments. Oo-
cytes were harvested from female Xenopus according to a protocol
approved by the Institutional Animal Care and Use Committee of
Tsinghua University (protocol no. 07749). The Association for As-
sessment and Accreditation of Laboratory Animal Care Interna-
tional has accredited the Tsinghua University amphibijan animal
facility. Harvested oocytes were treated with 20 mg/10 ml of col-
lagenase for 30-40 min at room temperature. Cells were exten-
sively washed, injected with cRNA, and incubated at 18°C.

Two-electrode voltage clamp

Whole-cell currents were measured using a two-electrode
voltage clamp (Oocyte-Clamp OC-725C; Warner Instruments)
with PowerLab 8/35 (ADInstruments) running LabChartPro
software. Cells were placed in a fast exchange perfusion cham-
ber with high flow delivered by gravity. Perfusion solutions had
the following composition (in mM): 100 NaCl, 4 KCl, 1.5 CaCl,, 10
HEPES, and 10 2-(N-morpholino) ethanesulfonic acid. pH was
adjusted to desired values with N-methyl-D-glucamine. Pipette
resistances were 0.5-1 MQ when filled with 3 M KCl. Oocytes
were voltage clamped at -60 mV. ASIC currents were activated by
changing the external solution from a conditioning pH of 7.4, or
any other indicated value, to a more acidic test pH for 30 s until
currents completely desensitized or the sustained current reached
a plateau. The external solution was returned to pH 7.4 or changed
to the indicated preconditioning pH for 60 s. Apparent pHs, and
PHso of SSD were calculated measuring the magnitude of currents
elicited with pH solutions of various values from 7.4 to 5.0.

Patch clamp
Currents were recorded from excised patches in the outside-out
configuration using a HEKA patch clamp EPC10 amplifier and
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PATCHMASTER acquisition software v2 x 90.2 (HEKA Elec-
tronic). Pipette solution contained (in mM) 100 KCl and 20
HEPES, pH 7.4. Bath solution contained (in mM) 100 NaCl, 4 KCI,
2 CaCl,, and 20 HEPES/Mes adjusted to pH 7.4 or lower pH with
NMDG. Membrane potential was held at -60 mV. Patches were
perfused with a solution of pH 7.4 to establish the baseline current,
followed by activation with low pH solutions using a fast-exchange
perfusion system (SF-77B perfusion-step; Warner Instruments).
Experiments were conducted at room temperature.

Data analysis

Concentration response curves were fit to the Hill function:
I=1/(1+ (107PH502 / 10~PH)" where pHso, is the pH at which the
half-maximal activation/desensitization of the maximal current
was achieved, and n is the Hill coefficient. The results are re-
ported as mean * SD. They represent the mean of 4-10 indi-
vidual measurements in different oocytes and at least two
different batches of oocytes. Statistically significant differences
between groups were determined with Student’s t test.

Online supplemental material

Fig. Sl is a cartoon representation of the putative desensitization
mechanism mediated by the B11-B12 linker. Fig. S2 shows a
comparison of Rosetta homology models of human and lamprey
ASIC channels with experimental structures of cASICs. Fig. S3
shows cartoon representations of x-ray-determined structures
of cASICla and Rosetta-predicted models of hASICla R64F. Fig.
S4 shows a breakdown of computationally predicted protein
stability changes for hASICla-R64 and 1ASIC-W66 mutants by
Rosetta score term. Fig. S5 shows the effect of a reducing agent
on the activity of S83C-Q358C CHL.

Results
Role of TM1 in the kinetics of proton gating of ASICs
ASICs from vertebrate species exhibit broad differences in ap-
parent proton affinity and kinetics of desensitization despite
overall sequence conservation; therefore, they provide a source
to find out elements that are functionally significant. The evo-
lutionary distant lamprey ASIC represents such an instance as it
shares 70% amino acid identity with hASICla but exhibits sig-
nificant functional differences. We previously showed that 1ASIC
gains proton-mediated gating with two substitutions in the
B1 strand, C75H and Q79L, but these channels display very high
apparent proton affinity for activation and almost no desensitiz-
ation from the open and preopen states (SSD; Li et al., 2010c). The
lack of desensitization is intriguing because 1ASIC has the corre-
sponding mammalian residues of the B11-12 linker (L415 and
N416), raising the question of what prevents the desensitization
mechanism from working in 1ASIC. To address this question, we
first replaced the whole ECD of 1ASIC with the one of hASICla
(CH1). Fig. 1 A shows that CHI displays large sustained currents
similar to those of 1ASIC. Swapping of hASICla TM2 into 1ASIC
(CH2) leaves channel properties intact, pointing to TM1 or the N
and C termini as potential contributors to desensitization.

We focused on the outer half of TM1, where most of the
differences between human and lamprey are present as
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TM2
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428 IAGLLGDIGGQMGLFIGASILTVLELFDY
428 VAGLLGDIGGQMGLFIGASILTILEIFDY
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Figure 1. Residue Trp-66 located close to the
external side of TM1 in LASIC produces chan-
nels without desensitization. (A) IASIC and
functional chimeras (CH1 and CH2) made with
sequences of hASICla are represented above the
corresponding current traces activated by pH
6.5. The continuous line indicates duration of the
stimulus and dashed line the zero-level current.
The experiment was repeated three times with
different batches of oocytes. 10 oocytes were
examined for each chimera. (B) Alignment of
TM1 and TM2 amino acid sequences of chicken,
human, and lamprey ASIC channels. In red are
residues present only in lamprey. (C) Replace-

hASIC1a hASIC1a-R64W

hASIC1a-R64F

ment of Arg-64 by Trp or Phe in hASICI induces
nondesensitizing currents. The experiment was
repeated three times with different batches of

D

pg 6.5 IASIC

IASIC-W66R

Ll

IASIC-W66F

oocytes. 10 oocytes were measured for each
mutant. (D) Replacement of Trp-66 in IASIC
(W64R) for the corresponding residue in hASICla
produces complete desensitization, whereas re-
placement by another aromatic side chain (W66F)
maintains desensitization and increases the level of
constitutive current at pH 7.4. The experiment was
repeated three times with different batches of oo-
cytes. 10 oocytes were examined for each construct.

MA

indicated in the alignment shown in Fig. 1 B. In red are residues
unique to lamprey; therefore, they are the most likely to give rise
to the observed functional differences. The analysis started with
position R64 that was substituted first with Weé4 followed by
other large hydrophobic residues. The following residues slow-
ing desensitization were F>W>Y>L>M, with aromatics also in-
ducing a component of sustained current (Table 1). Small amino
acids (G, A, and C) and charged hydrophilic residues such as E
and K exhibited complete desensitization (Table 1). Conversely,
substitutions of W66 in 1ASIC by R, C, or A induced both forms
of desensitization. Mutant R66!45IC exhibited fast (t 1.4 s) and
complete desensitization in contrast to mutant F66!251C, which
was open 50% at pH 7.4 and did not display desensitization
(Fig. 1 D). Replacement of each of the other red-labeled residues
in hASICla for the lamprey counterpart produced functional
channels with large currents but no sustained component. The
pHso values and rates of desensitization are shown in Table 1.

These results indicate that arginine in both human Re4h45ICla
and lamprey R66!45C favors desensitization, whereas residues
with large aromatic side chains produce channels with dimin-
ished desensitization.

Interactions of R64 and W66 in protein structure models of
hASICla and ASIC

To help elucidate the structural role of TM1 residues R64 in
hASICla and W66 in 1ASIC, structural models of both human and
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lamprey ASICs in closed, open, and desensitized conformations
were developed by homology modeling with Rosetta (Fig. 2, A and
B). Crystal structures of cASIC (90% identical to hASICla and 72%
identical to 1ASIC) in the closed (PDB accession no. SWKV), open
(PDB accession no. 4NTW), and desensitized (PDB accession no.
4NYK) states served as templates for homology modeling.

Within the transmembrane and ECDs, the homology models
bear high similarity to their crystal structure templates (Fig. S2);
the side chain RMSD in TM1 and TM2 is on average smaller than
2.0 A. For modeling the open state, we used the MitTx-bound
structure of cASICI. This supports the conclusion that the pore
domain structure of MitTx-bound cASICI1 likely represents the
WT, proton-activated cASIC1 pore structure. In addition, re-
moving MitTx from the cASICI template structure did not in-
duce any large conformational changes in hASICla and 1ASIC
models compared with the MitTx-bound cASICI starting struc-
ture, even when positional restraints on the protein backbone
atoms were turned off, which indicates that the cASICI structure
is not overly structurally constrained by MitTx.

In the homology models, R64 and W66 are located on the
extracellular end of TM1, where they are ~12 A away from the
membrane center along the z direction (Fig. 2 A). Hence, their
location is in the transition region between the hydrophobic
membrane core and the soluble region.

In the hASICla structural model, R64 is surrounded by
three aromatic residues (Y67, Y68, Y426) and several negatively
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Table 1. Properties of all ASIC mutants examined in this work

Channel PHsoa n, PHsossp Nssp /1, T (s)
hASICla

WT 6.60 + 0.18 4.5 7.1+ 0.09 7.5 0.0 1.65 + 0.15
R64G 6.23 + 0.08 3.2 7.05 + 0.07 4.2 0.0 1.0+0.2
R64E 6.50 + 0.05 4.8 7.1+0.08 7.3 0.0 1.06 + 0.05
R64K 6.60 + 0.10 4.7 6.98 + 0.01 7.8 0.17 £ 0.004 2.05+0.2
R64C 6.61 + 0.09 4.2 7.1+ 0.05 7.3 0.0 2.5 +0.02
R64A 6.63 + 0.02 3.6 7.14 + 0.03 71 0.0 1.06 £+ 0.1
R64M 6.84 + 0.1 35 7.01 + 0.07 8.0 0.0 6.8 +0.1
R64L 6.82 + 0.06 6.5 7.0 + 0.012 8.5 0.07 £ 0.002 6.6 +0.1
R64Y 7.06 £ 0.1 8.0 ND ND 0.21 + 0.02 6.5+ 0.2
R64F 71+01 7.4 ND ND 0.77 £ 0.08 ND

R64W 7.09 £ 0.4 7.0 ND ND 0.33 + 0.09 7.8 +0.1
L58V 6.59 + 0.1 4.8 7.1+ 0.01 7.0 0.0 16 + 0.15
V60Q 6.55 + 0.12 4.5 7.1+0.02 6.9 0.0 1.63 + 0.02
C61S 6.5 + 0.06 4.2 7.14 + 0.05 7.2 0.0 15901
T62L 6.45 + 0.08 4.9 7.17 + 0.08 7.0 0.0 11+ 0.09
E63D 6.58 + 0.09 43 711+ 0.07 6.8 0.0 1.6 + 0.03
LASIC

WT 721+0.1 9.4 ND ND 10 ND

W66R 6.8+0.2 2.9 7.2 + 0.005 1 0.0 14 + 0.04
We6C 6.78 + 0.1 2.6 7.1 + 0.002 9.0 0.08 + 0.01 185+ 0.1
W66F 73+0.2 9.4 ND ND 10 ND
mASIC2

WT 4.0+0.2 2.0 0.22 + 0.05 2.5+ 0.05
R63F 6.0 +0.1 4.0 0.68 + 0.08

R63W 6.0+0.3 4.0 0.69 + 0.06

mASIC3

WT 6.0 +0.1 1.0 0.0 0.27 + 0.07
R64F 70+03 7.0 0.91 + 0.06

PpHsoa, pHso of activation; ng, Hill coefficient of activation; pHsossp, pHso of steady stead desensitization; nssp, n coefficient of SSD; 14/1,, ratio of sustained
current/peak current both measured at pHs,; tp, 1/rate of desensitization from open state measured at pHso, in seconds; N.D., not determined owing to
absent or very weak desensitization. For channels exhibiting a fraction of sustained currents, tp corresponds to the desensitizing component of the current fit
to a single exponential. Each data point represents the mean of at least four measurements from independent cells + SD.

charged or polar residues (E63, E427, D434, Q438; Fig. 2 C). In
the closed and desensitized state, the side chain of R64 interacts
with that of D434 in TM2a and is capped by the aromatic ring of
Y426. As shown in Fig. S3 A, additional hydrogen bond inter-
actions with E426 in TM2a of a neighboring subunit and with
E63 on the same subunit also seem possible as observed in the
cASIC1 crystal structures of the closed and desensitized states.
In the open channel conformation, R64 extends further into the
space created by the extracellular fenestration between two
ASIC subunits that is formed by TM1 and TM2 translation in
channel activation. In this state, R64 is stabilized by hydrogen
bond interactions with E63 and D434 (Fig. 2 C).

Chen et al.
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In contrast to hASICla-R64, no hydrogen bonding is observed
for We6 in the 1ASIC structural models. However, other poten-
tially stabilizing interactions are made by W66 such as a face-to-
edge stacking contact between its indole ring and the aromatic
ring of Y467, and tight packing interactions with residues Y69,
A429, 1431, and 1435 (Fig. 2 C). In the 1ASIC open state model, the
TMI1-TM2a inter-subunit interface is more expanded, which
allows rearrangement of the side chains of Y426, D434, and Q438
around W66, and formation of additional hydrogen bonds be-
tween those residues. These hydrogen bond contacts probably
contribute to the stability of the open state structure, but are
absent in the closed and desensitized states.
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Figure 2. Protein structure modeling and stability calculations suggest that large aliphatic and aromatic amino acids at positions 64/66 in hASICla/
LASIC favor the open channel conformation. (A) Model of hASICla with each domain depicted with a different color. For clarity, only one subunit is shown
and the other two subunits are transparent. The position of R64 (W66 in LASIC) on the outer segment of TM1 is shown as yellow sphere. The membrane is
depicted schematically and divided into membrane core (MC), which corresponds to the region occupied by the fatty acid chains, and transition region (TR),
which is the area occupied by the glycerol-phosphate and lipid head groups. TMD, transmembrane domain. (B) Homology models of hASICla in closed, open,
and desensitized states and their interdependencies according to the proton-mediated gating cycle of ASICs. (C) Residues surrounding R64 in hASICla and W66
in lASIC in structural models of the closed, open, and desensitized states. For clarity, only two subunits, which make interactions with R64 or W66 in the
depicted models, are shown and colored blue and green, respectively. Possible side chain hydrogen bonds are indicated as dashed lines. (D) Computationally
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predicted stability changes (AAG) for mutations of R64 in hASICla (left) or W66 in [ASIC (right) to every other amino acid. A negative AAG value indicates that
protein stability relative to WT is increased by the mutation, whereas a positive value for AAG indicates a destabilization. AAG values for F/W64"S/C12 and
R/F665'C, for which currents are shown in Fig. 1, B and C, are indicated with a black frame. Values for proline were off-scale due to incompatible backbone
geometries in the starting model and are not shown in the plots (hASICla closed: 60.2 + 2.2 REU, open: 45.9 + 2.2 REU, desensitized: 54.5 + 1.9 REU; lASIC

closed: 46.5 + 2.4 REU, open: 56.2 + 3.6 REU, desensitized: 47.7 + 2.6 REU).

Structure-based energy calculations indicate that residue
64hAsICla/gglASIC plays a role for the state-dependent stability
of ASICs

To gain further mechanistic insight into the dual role of amino
acid residues at positions 64 and 66 in hASICla and 1ASIC, re-
spectively, we performed protein stability calculations with
Rosetta. hASICla-R64 and 1ASIC-Wé6 were changed to every
other amino acid, and the changes in the energy of the closed,
open, and desensitized state structures were calculated
(Fig. 2 D). Substitutions of R64 for amino acids with a charged
or long polar side chain destabilize the hASICla structure of all
three states. Amino acids with a small polar or apolar side chain
destabilize the closed and desensitized state but have little effect
on the stability of the open state, whereas amino acids with a large
hydrophobic or aromatic side chain considerably increase the
stability of the open state structure. Tryptophan at position 64 is
predicted to lead to the strongest increase in the stability of the
open state, but causes insignificant changes in stability of the
closed and desensitized states. Mutation of Ré64 to F also increases
the stability of the open state, but decreases the stability of the
closed and desensitized states. These data are consistent with the
observation that hASICla channels with either W or F at position
64 have higher open probability and higher apparent proton af-
finity compared with channels with R. Furthermore, differences
in the stability of the desensitized state between R64F and R64W
can explain why F slows desensitization of hASICla more than W.

Analysis of the forces implicated in state stability (Fig. S4)
revealed two components that mostly contribute to the im-
proved open state stability of hASICla with W versus R: (1) in-
creased van der Waals attractive forces of F and W with
surrounding residues, and (2) a favorable energy of transfer of F
and W in the outer membrane region at the location of residue
64. Furthermore, the forces predicted to be most important for
the stabilization of the closed and desensitized state by residue
R64 are hydrogen bonds; the loss of these interactions when R is
changed to amino acids that have no or lower capability of
forming side chain hydrogen bonds leads to destabilization of
the closed and desensitized states.

Substitutions at the corresponding position W66 in 1ASIC
decrease the stability of all three states (Fig. 2 D); however, F and
other hydrophobic amino acids (L, I) have a minimal effect on
the stability of the open state structure and are similar to the
WT. By contrast, substitution of W66 for R leads to a strong
destabilization of the open state, but has a negligible effect on
the stability of the desensitized state. These predictions match
the experimental result, as R66'“5C produced rapid and com-
plete desensitization whereas F66'45'¢ did not desensitize as WT
1ASIC and even had a larger fraction of channels open at neutral
pH (50%), suggesting that destabilization of the closed state by F
brings TMI1 a step closer to the open conformation.
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Similar to hASICla, analysis of the forces that contributed to
the changes in the Rosetta energy (Fig. S4) showed that differ-
ences in the open state stability of 1ASIC with R versus W/F at
position 66 are largely due to differences in the membrane en-
vironment energy, which is lower for W and F in the outer
membrane transition region compared with R. Furthermore,
side chain hydrogen bonding by R is important for the increased
stability of the desensitized state of R66!A5C,

Together, these results suggest that the opposing effects of R
and aromatics at position 64/66 in hASICla/lASIC on the sta-
bility of the open versus the closed or desensitized state are
determined by differences in nonbonded interactions and the
energy associated with insertion into the membrane for these
amino acids. Stabilization of the conformation of the open state
and destabilization of the conformation of the desensitized state
by aromatic amino acids can explain their dual role on the
proton affinity of activation and the degree of desensitization.

Mutation Q278G reverts R66“S'C to a nondesensitizing channel
As indicated in Fig. 1, R66'45IC channels desensitize rapidly and
completely; however, introduction of the additional mutation
Q278G, a residue that is in the vicinity of the 11-B12 linker and
alters its function (Wu et al., 2019), reverted the double mutant
R66-G278'45IC to a nondesensitizing phenotype (Fig. 3 A). De-
sensitization from both the open and preopen conformations
was fully restored (Fig. 3 B). The mutation Q278G added to 1ASIC
did not change the currents: channels remained nondesensitiz-
ing. Conversely, the mutation F64 in hASICla reduced desensitiz-
ation by half, and addition of Q276G further reduced desensitization
at pH 6.0 (Fig. 3, C and D). These results show that W64'45I¢ and
F64PASICla hoth have a functional B11-B12 linker, but is not fully
activated while the pore remains open.

F64hASICla exhibits long openings and a subconductance state

To gain more insight in the mechanism underlying decreased
desensitization and to experimentally test the predictions from
Rosetta calculations, we examined single channel activity of
Fe4hASICla in excised membrane patches activated with low
proton concentrations, pH in the range of 7.3 to 7.1. Fig. 4 A
shows a typical current trace of a patch expressing many
channels (~400 channels) exposed to pH 7.1 for 1 min. About half
the magnitude of the peak current remains as a sustained
component through the duration of the stimulus. We also ex-
amined numerous patches containing one or two channels
(Fig. 4 B). A main finding was increased duration of opening
events compared with WT hASICla (Fig. 4 F). Most of the re-
corded openings lasted >1 s and some up to 35 s. For comparison,
Fig. 4 E shows examples of WT hASICla patches containing
numerous channels or single channel activity. Notice the time
scale in Fig. 4 F is 100-fold smaller than for the mutant. Traces
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Figure 3. R64MSIC1a and R66'ASIC enable channel desensitization by the B11-B12 linker mechanism. (A) Representative |ASIC current traces exhibiting
sustained currents in the presence of pH 6.0. The substitution R665'C in the outer segment of TM1 produces rapid and complete desensitization upon
exposure to pH 6.0, which is reverted back to nondesensitizing when the B11-B12 linker mechanism is disabled by the mutation Q278G. (B) Increasing proton
concentration response curves of activation (red curve) and SSD (blue curve) currents. Lines are the fit to the Hill function. Each data point represents four to
seven independent measurements. (C) Typical proton-induced current of hASICla WT desensitizes completely. Channels with the substitution R64F exhibit
slow and incomplete desensitization. Impairing function of the B11-B12 linker by the mutation Q276G eliminates desensitization in hAQSICla-R64F-Q276G.
(D) Concentration response curves of channel activation (orange curve) and SSD (green curve) shown in C fit to the Hill function. Each data point represents
four to five independent measurements.
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Figure 4. F64hASICla exhibits long opening events and a subconductance state. (A) Representative example of an excised outside-out membrane patch
containing a large number of channels activated by external pH 7.1 for 1 min. (B) Representative example of excised outside-out membrane patches containing
a single channel activated by pH 7.2. Dashed lines indicate three current levels: closed (C), subconductance (S), and fully open (O). The subconductance state
appears when channels transition to the open and to the closed states. Holding potential, -60 mV. External solution 100 mM Na*; pipette solution 100 mM K*.
The shown trace represents 1 out of 15 patches, all showing the subconductance state. (C) All-points histogram of a continuous recording of activity of a single
channel exhibits three conductance states of magnitude: 0, 0.7, and 1.5 pA. The line is the Gaussian fit to the data. (D) Histogram of duration of opening events
in seconds. (E) Representative example of multichannel hASICla patch activated with pH 6.5. (F) Representative examples of unitary currents. (G) All-points
histogram of a continuous recording of activity of a single channel exhibits two conductance states of magnitude: 0 and 1.5 pA. (H) Histogram of duration of

opening events of WT hASICla.

showing unitary currents were obtained from multi-channel
patches when the current approaches the zero level as indi-
cated in Fig. 4 E. Analysis of the distribution of opening event’s
duration, histograms of Fig. 4, D-H, shows a 100-fold longer
duration in F64PASIC1a than in WT channels (3,000 ms versus
30 ms). These results indicate that F64"45IC12 exhibits long open
events and confirm the prediction that aromatic residues in
position 64 stabilize the open conformation (Fig. 2 D).

The second finding was detection of a frequent subcon-
ductance state about half the amplitude of the fully open channel
(0.7 pA) in patches activated by pH 7.3 and 7.1, the range of pH
where individual channel activity was most frequently detected.
Fig. 4 B shows that channels either enter directly the full open state
or first enter the subconductance followed by a second transition to
fully open while some openings visit only the subconductance state.
Similarly, transitions from the open to closed state were detected
directly to the fully shut state or in two steps: first subconductance

Chen et al.
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followed by completely shut. Only two conducting states were de-
tected of amplitude 1.5 and 0.7 pA determined by all-points histo-
grams of traces expressing single channels (Fig. 4 C). We cannot
rule out the presence of additional subconductances of smaller
amplitudes that were not resolved given the noise level of our
current records. Various mechanisms give rise to ion channel
subconductances; however, under the experimental conditions of
low proton concentrations, the most parsimonious interpretation of
the presence of a novel subconductance in F64M4SIC12 ig that they
represent currents generated by partially open channels (Chapman
and VanDongen, 2005; Jin et al., 2003), i.e., channel openings with
only one or two proton-bound subunits in the trimer.

Residue 64M45!C12/66!ASIC 3lters the apparent proton-affinity of
ASIC1, ASIC2, and ASIC3s

The amino acid in position 64 of TM1 also changes the ap-
parent pHso, of hASICla, namely, hydrophobic large side chains
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Figure 5. Large hydrophobic residues at positions 64/66 in hASIC1a/IASIC increase the apparent pHso, of ASICs. (A) Proton concentration-response
curves of hASICla with various amino acid substitutions in position R64. Each data point represents the mean of four or five independent measurements + SD.
Mutants were measured in different experiments, but each one always had as control a group of WT oocytes to ensure the pH of solutions for activation were
correctly calibrated; thus, the number of cells of the WT curve is 38. Curves are fit to the Hill equation. Values of pHso, and n (Hill coefficient) are presented in
Table 1. (B) Proton concentration-response curves of |ASIC1 with Arg or Cys substituting Trp-66. Lines in A and B are the fit of the data to the Hill equation.
Each data point is the mean of four to six independent measurements. Error bars represent the SD. (C) Representative examples of currents activated by
increasing concentration of protons of mASIC2a wt and the mutant mASIC2a-R63F and the corresponding concentration-response curves of activation. Each
data point represents the average of at least five independent cells; error bars represent the SD. Lines are the fit to the Hill equation. (D) Representative
examples of currents activated by increasing concentration of protons of mASIC3 wt and mutant mASIC3-R64F and the corresponding concentration-response
curves of activation. Each data point represents the average of at least three independent cells; error bars represent the SD. Lines are fit to the Hill equation.
(E) Simple kinetic schemes comparing WT and F64M4SIC1a response to high and low proton concentrations indicated by large- and small-type size [H*]. Only
three states are shown: C, closed; O, open; D, desensitized. The thick red arrow indicates the favored pathway, i.e., opening rather than SSD. The thin blue
arrows indicate transitions that are slowed or markedly unfavored (broken line) by F64. wt, wild type.

increase the apparent sensitivity to protons (Fig. 5 A). shows that the mutant generates large currents that display a

F64hASIC1a displays a pHso, of 7.1 compared with 6.6 of WT
hASICla. Substitutions of the equivalent residue W66 in 1ASIC
also change the pHso,, but the shift is toward a lower pH range:
W66451C pHy,, is 7.2, whereas that of R66!45C is 6.8 (Fig. 5 B).

We also sought to examine whether substitution of arginine
for aromatic amino acids in ASIC2 and ASIC3 reproduces the
functional effects observed in ASICla. For these experiments,
mouse channels were used because their properties have been
extensively characterized in contrast to the corresponding hu-
man isoforms, and the sequences are highly conserved with
human (ASIC2a, 99.7% identity; ASIC3, 83%; Joeres et al., 2016;
Zhang and Canessa, 2002). We introduced the mutations R63F/
WmASIC22 and R64F™ASICS; functional analysis of R63F/WmASIC2a
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much larger fraction of sustained current than WT (Fig. 5 C).
The ratio of sustained/peak currents at pHso, is 0.22 + 0.05 in
WT mASIC2 and 0.68 + 0.08 in the mutants, consistent with
attenuation of desensitization. In addition, mutants exhibit a
marked increase in proton affinity represented by a shift in
PHso, from 4.0 to 6.0. Similar effects are observed in R64F™ASIC3;
these channels are functional, exhibit large sustained currents,
and are more sensitive to protons with a shift in pHs, from 6.0
to 7.0 and steeper activation curve (Hill coefficient mutant, n = 7;
versus WT, n = 1; Fig. 5 D and Table 1). Together these results
indicate that an aromatic residue in the corresponding position
64 in TM1 of ASICs, from chordates to the three mammalian
isoforms, facilitates channel opening leading to high apparent
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proton affinity of activation (red thick arrow, Fig. 5 E), prevents
SSD (thin-dashed blue arrow, Fig. 5 E), and stabilizes the open
conformation leading to reduced desensitization (thin blue ar-
row, Fig. 5 E).

Is the thumb involved in LASIC activation?

The previous sections show that 1ASIC1, CH1, and Fe4P4SICla 5]]
gate with much lower concentrations of protons than hASICla
despite sharing very similar or identical ECDs with hASICla, and
therefore, the same proton sensor(s). To examine whether low
proton-mediated gating of these channels entails similar con-
formational changes to ASICs that gate with high concentrations
of protons, we examined specifically displacement of the thumb
domain. To that end, the thumb domain was immobilized with a
disulfide bond in 1ASIC and CH1. Two cysteines were introduced
in the corresponding positions of cASIC that were previously
used by Yoder et al. (2018) for this purpose: P85C-Q358C!A5IC
and S83C-Q358CCH! ]1ASIC and CHI bearing two cysteines in the
indicated positions both expressed very small currents, on av-
erage 0.69 + 0.56 and 0.91 + 0.53 pA/cell. After the same cells
were treated with the sulfhydryl reducing agent Tris carboxy-
ethyl-phosphate (TCEP) for ~1 h, currents increased to 5.2 + 2.5
and 6.1 + 1.5 uA/cell. Short treatment of <5 min applied in the
perfusion chamber of the TEVC setup did not immediately in-
crease current. Fig. 6, A and B, and Fig. S5 show typical examples
of cells expressing P85C-D358C!SI¢ and S83C-Q358CCH! before
and after treatment with TCEP and the average response of 10
independent cells. Oocytes expressing WT 1ASICI received the
same treatment and served as the control (Fig. 6, C and D). The
increase in current magnitude after TCEP treatment observed
only in the double cysteine mutants is consistent with the in-
terpretation that low proton concentrations induce conforma-
tional changes in both 1ASIC and CHI that include movement of
the thumb as in cASIC.

Discussion

The key finding of this work is that residue R64 in the outer
segment of TMI impacts the value of the apparent pHso,, acti-
vation and desensitization of ASIC channels. Below we outline
the mechanisms underlying the observations and how they
enhance understanding of the activation and desensitization
processes of ASICs.

High apparent pHso, and enhanced proton-mediated gating

Aromatic side chains W/F in the outer segment of TM1 shift the
conformational equilibrium toward the conductive state, facili-
tating pore opening. Other residues such as L and M also de-
crease the energy barrier of activation, although to a lower
degree (Fig. 5 A). Two findings underlie the above effects: an
increase in the value of the apparent pHsp, and channels con-
ducting with one/two proton occupied subunits revealed by the
presence of a subconductance in F64PA5IC12 Typically, single
channel recordings show two states: open and shut. Considering
that ASICla has three identical pore-forming subunits, the
classical interpretation is that the conduction pathway is not
formed unless all three subunits are in the active position,
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Figure 6. Opening of IASIC, CH1, and F64"ASIC12 with low proton con-
centrations is associated with movement of the a5-helix. (A) Represen-
tative currents of |ASIC P85C-D358C double mutant stimulated by pH 7.0
before and after treatment with 5 mM of the disulfide-reducing agent TCEP
for 1 h. Dashed line is zero current level. (B) Maximal currents elicited by pH
7.0 in 10 independent cells expressing |ASIC P85C-D358C before and after
treatment with TCEP. Horizontal dashed lines indicate the mean current
value. Asterisks represent significant statistical difference, **, P = 0.0003.
(C) Representative currents of IASIC before and after treatment with TCEP
for 1 h. (D) Values of maximal current elicited by pH 7.0 before and after TCEP
treatment of 10 independent cells expressing (ASIC.

i.e., all three are protonated. However, we detected frequent and
long-lived intermediate current levels in channels exposed to pH
7.3-7.2 that are consistent with the ion pathway formed by only
one or two proton-bound subunits instead of the three proton-
bound subunits required for full conduction. Partial pore open-
ing by activation of only a few of all the pore-forming subunits
has been previously documented in voltage-activated (Chapman
and VanDongen, 2005) and ligand-gated channels (Jin et al.,
2003). Aromatics in the equivalent position in channels from
early vertebrates (IASIC) to mammalian ASICla, ASIC2a, and
ASIC3 also increase the efficacy of proton gating, underscoring
the importance of R64 in setting the apparent pHso,.

The previous observation also shows that the values mea-
sured as apparent proton affinities of activation are much lower
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than the acid dissociation constant values of the proton binding
site(s) involved in gating. According to our findings, the affinity
of the site(s) has to be in the pH range 7.2-7.1 if not higher (such
as in lASIC). Fig. 5 shows how various substitutions of R64
generate a range of apparent pHso, in hASICla even though the
proton binding site(s) remains the same. Thus, lowering the
energy barrier of activation by replacing a single residue seems
to be an effective strategy for tuning the apparent pHso, and
simpler than changing the affinity of one or more proton sen-
sor(s). We noticed that R64 is highly conserved in ASICs from
cartilaginous fishes to other branches of vertebrates with the
exception of ASIC4, which has either no or small currents in
zebrafish (Chen et al., 2007), suggesting that evolution selects
for low proton sensitivity of ASICs. In contrast, other channels
from the ENaC/Degenerin family with proton-independent
gating and weak or no desensitization favor hydrophobic
large/small side chains. In those channels, the position Ré4 is
occupied by residues indicated here in parentheses: BLINAC(L),
ENaC(F/L), FaNaC(L), and in many Degenerins(V/L). However,
in ASICs, medium/large hydrophobic side chains not only shift
the pHso to more alkaline values but also weaken desensitiza-
tion, representing a potential drawback to the use of such a
strategy.

Desensitization

The observation that F64hASICla/We6lASIC gate with proton con-
centrations in a range that induces SSD in most ASICs (pH
~7.2-7.1) rather than the usual low pH (~6.6-6.0), raises the
question: Are activation and SSD two different processes driven
by different sensors? Our results shed light on these questions
by providing evidence that the two processes and the sensor that
drives them may be the same.

Desensitization from the open state

Here, we show that stabilization of the open conformation by
F64hASICla and W66'ASIC markedly diminishes desensitization
from the open state in the continuous presence of protons. This
effect is completely reversible if the stabilizing residues in po-
sitions 66/64 are replaced by R, indicating that the B11-B12 linker
desensitization mechanism and any other structures inducing
desensitization are functional. It is also known that substitutions
of a conserved glycine in TM2 that forms the gate of ENaC/De-
generin channels (G433DIGG; Gonzales et al., 2009) by residues
with large side chains interfere with closure of the pore and
eliminate ASIC2a/ASIC2b channel desensitization (Waldmann
et al., 1996; Ugawa et al., 2001). Additionally, MitTx not only is
a potent agonist that opens ASICs but also stabilizes the open
conformation and prevents desensitization, as illustrated by the
crystal structure of cASIC in complex with MitTx (PDB accession
no. 4NTW). It shows the pore in open conformation and the p11-
B12 linker in the nondesensitized conformation. From these
lines of evidence, we reason that the pore must close to enable
desensitization and B11-B12 linker isomerization.

Our results, however, have not elucidated the precise
mechanism of how aromatic residues in the outer segment of
TMI stabilize the open channel conformation. The side chain of
residue R64 faces the interior of the pore in all cASIC structures,
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and the models of 1 ASIC and hASICla in closed, open, and de-
sensitized states also predict W66/F64 side chains facing the
interior of the pore. So we think it is unlikely that W66/F64 is in
contact with the lipid bilayer. Instead, energy calculations and
experimental evidence are consistent with W66/F64 having in-
teractions with neighboring residues that alter the stability of
the various conformational states.

Desensitization from the closed state: SSD

The question of whether the mechanism of SSD differs from that
of desensitization from the open state, however, remains. Our
results provide clues that both are probably similar with an
important distinction. The evidence stems from the finding that
very low concentration of protons enable opening of F/We4hASICla,
Since these channels are identical to WT hASICla (except for a
single substitution in TML1), it is reasonable to expect that pH in
the range 7.2-7.1 induces the same open conformation in hASIC1 as
in F/We4bASICla The difference is that in WT channels, the ECD
conformational change fails to open the pore because R64 presents
a higher energy barrier of activation than F64. Since the pore
remains closed, the lower palm contracts and locks the B11-B12
linker in the desensitized conformation. The end result is SSD
rather than opening. Mechanistically, the most significant con-
tribution of F64M4SIC12 js that it makes visible a gating transition
that is electrically silent in WT channels, i.e., low proton con-
centrations open F64"451C12 whereas they induce SSD—an elec-
trically silent transition—in WT hASICla.

As the predicted expansion and contraction of the lower palm
elicited by low proton concentrations in hASICla subunits are
electrically silent and too transient to be captured in atomic
structures, additional evidence could be obtained from confor-
mational dynamic approaches with high time resolution such as
molecular dynamic simulations and patch fluorometry. Cur-
rently, there is some evidence from conformational dynamics
studies using voltage-clamp fluorometry (Vullo et al., 2017),
molecular dynamics simulations (Roy et al., 2013), and lumi-
nescence resonance energy transfer (Ramaswamy et al., 2013)
supporting conformational changes in various parts of the
ECD from the closed to open states such as shortening of the
distance between the thumb and finger (Ramaswamy et al.,
2013) and from the open to desensitized states such as con-
traction of the lower palm domain (Vullo et al., 2017). Less
information is available of conformational changes from the
closed to the SSD state. However, comparison of cryo-EM
structures of cASIC in SSD (pH 7.0) and crystal structure in
the desensitized state at pH 6.0 shows remarkable resem-
blance of the two forms of desensitization: collapse of the
acidic pocket by the thumb domain, small rotation of the
whole ECD, slightly contracted lower palm, and closed pore,
consistent with the notion that channels end up in the same
desensitized conformation whether exposed to low or high
concentrations of protons.

To summarize, we have discussed here the main results, their
functional significance, and, together with previous functional
and structural data, put forward a plausible and parsimonious
mechanism of ASIC desensitization and gating by low concen-
trations of protons.
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Figure S1. Cartoon of putative B11-B12 desensitization mechanism. A single subunit of the channel trimer is shown in closed, open, and desensitized
conformations based on the corresponding structures of cASIC. The ECD is divided in subdomains marked by different colors. The acidic pocket is delineated by
a dashed oval and encompasses negatively charged residues located in the thumb, finger, and palm. Residues L415 and N416 in the B11-B12 linker together with
Q276 in the adjacent B9 strand are shown inside the orange square. (A) Closed or resting conformation (PDB accession no. 5WKV) with a relaxed thumb and
expanded acidic pocket, and the side chain of N416 facing the interior of the lower palm. (B) Open conformation (PDB accession no. 4NTW). Here, the acidic
pocket is collapsed owing to displacement of the a5-helix of the thumb, the lower palm is expanded, and the upper part of pore is also expanded, removing the
constriction of the gate. (C) The desensitized state. The acidic pocket remains collapsed, the lower palm is contracted, residues L415 and N416 in the B11-B12
linker have undergone isomerization (180° flipping), and the transmembrane domain narrows, shutting the pore. Structures of cASIC in SSD (PDB accession no.
6VTK) and desensitized by low pH are almost identical (PDB accession no. 31}4).
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Figure S2. Comparison of Rosetta homology models of ASIC channels with experimental structures of cASIC1. (A and B) Homology models of hASIC1
(A) and |ASIC (B) are compared with crystal structures of cASIC1 in closed (PDB accession no. 5WKV), open (PDB accession no. 4NTW), and desensitized (PDB
accession no. 4NYK) conformations. The root-mean-squared distance (RMSD) deviations between all backbone (bb) or side chain (sc) heavy atoms resulting

from the structural alignments in A and B are shown next to the structural models.
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Figure S3. Cartoon representations of x ray-determined structures of cASICla- and Rosetta-predicted models of hASICla R64F. (A) Residue
neighborhood around R65 (yellow) in the closed (PDB accession no. 5SWKV), open (PDB accession no. 4NTW), and desensitized (PDB accession no. 4NYK) state
structures of cASICla. The TM segments of two cASICla subunits are depicted as ribbons and colored blue and green, respectively. The third subunit is not
shown for clarity. Residue side chains are depicted as sticks, and polar contacts are indicated as dashed lines. (B) Residue neighborhood around the substituted
residue F64 (yellow) in Rosetta models of the closed, open, and desensitized state structures of hASICla-R64F.
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Figure S4. Breakdown of computationally predicted protein stability changes for hASIC1a-R64 and IASIC-W66 mutants by Rosetta score term.
(A and B) For every amino acid substitution at residue 64 in hASICla (A) or residue 66 in lASIC (B), the contributions of the individual score terms in the
RosettaMembrane energy function to the stability change of the closed, open, and desensitized state structure, respectively, are shown. LJ, Lennard-Jones;
Elec., electrostatic interaction energy.
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Figure S5. Effect of a reducing agent on the activity of S83C-Q358C CH1. (A) Representative example of whole cell currents from cells expressing CHL:
P85C-Q358C channels activated with pH 7.0 before and after treatment with the reducing agent TCEP for 1 h. (B) Summary of current values of before (n = 12)
and after treatment (n = 10) with TCEP reducing agent. Two oocytes were damaged and not included in the TCEP results. Asterisks indicate statistically
significant difference between the two groups by t test; **, P < 0.001.
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